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Abstract

I
. .

This paper presents the first cxperimclltal  evidence that the polarimctric

brightness tcmpcraturcs  of sea surfaces arc sensitive to ocean wind direction

in the incidence angle range  of 30 to 50 degrees. Our experimental data were col-

lcctcd  by a K-band (19.35 GIIz)  polarimctric radiometer (WINDRAD)  mounted

on the NASA DC-8 aircraft. A set of aircraft radiometer flights was successfully

completed in November 1993. Wc perfor~ned  circle flights over NDBC moored

buoys deployed off the northern California, coast, which provided ocean wind mea-

surements.  The first WI NDRAD  flight was ~nadc on November 4, 1993. ‘1’here

was clear weather with a wind speed of 12 nl/s at 330 dcgrccs around the Pt.

Arena buoy. Wc circled the buoy at three incidcncc  angles, and all data when

plotted as functions of azimuth angles show clear modulations of several degrees

Kelvin. At 40 dcgrccs incidence angle, there is a 5 degrees Kelvin peak-to-peak

signal in the second Stokes parameter Q aIld the third Stokes parameter U. ‘J’he

Q data maximum is in the upwind direction and U has a 45 degrees phase shift in

azimuth - as predicted by thcc)ry. There is also an up/downwind asymmetry of 2

dcgrccs Kelvin in the Q data, and 1 degree l{clvin  in the U data. At 50 degrees

incidcncc  angle, the collected data show very similar wind direction signatures

to the SSM/1  model function. Additional flights were made on other days under

cloudy conditions. Data take~l  at a wincl speed of 8 m/s show that at 40 dcgrccs

incidence Q and U have a srnallcr azirnutha]  modulation of 3 degrees Kelvin,

probably due to the lower wind speed. Additionally, the simultaneously rccordcd

video images of sea surfaces suggested that Q and U data were less sensitive

to clouds, breaking waves and whitecaps, while the IL and ?i increased by a

few degrees Kelvin when the radiometer beam crossed over clouds, or there was

a sudden increase of whitecaps in the radiometer footprint. ‘J’he results of our

aircraft frights clearly indicate that passive polarimctric radiometry is a viable

option in space remote sensing of ocea]l  surface wind direction as WC1l as wind

speed.



1 Introduction

Global measurements of near surface ocean wind are crucial for many oceanographic and

atmospheric studies. l’he  near surface wind generates the momenturnflux  affecting ocean

circulation and mixing and is the kcy driving force in air-sea interaction processes. A poten-

tial sensor for ocean wind remote  sensing is the passive microwave radiometer. Examples of

such radiometers include the Scanning Multichannel Microwave Radiometer (SMMR)  flown

on NIMBUS-7 and SEASAT and the Special %nsor  Microwave/Imagcr  (SSM/1)  deployed on

the DMSP missions [1]. Passive radiometers measure the thermal emission from sca surfaces,

which is affected by surface roughness, tcmpcraturq  foam, salinity, atmospheric water con-

tent and other factors. Although it is commonly accepted that microwave radiometers can

~ncasure  ocean wind speeds based on the sensitivity of thermal emission on surface rough-

ness, it was not clear whether passive microwave radiometer measurements were sensitive

to wind direction until the recent experimental observations [2, 3, 4] indicated that ocean

thermal radiation could vary over azimuthal angles relative to the wind by a few degrees

l{c]vin.

Etkin  et al. [2] measured the iwimuthal  clcpc]ldcncc  of brightness temperatures of verti-

cal and horizontal polarizations (Y; and ?i) using their aircraft radiometers at near grazing

(incidence angle of 78°) at 20 Gllz and at normal incidence at 3.7, 20, and 37 GIIz.  Their

results showed that the azimuthal modulation dropped rapidly with increasing elcctron~ag-

nctic  wavelength. Unfortunately, the mcasurclnc~lts they reported did not include the range

of incidcncc  angle traditionally used by spaccborl)e  microwave radiometers (incidence angles

of about 48° to 60°) for large swath covcragc.

In contrast, the SSM/I  measums  the Lrightncss  temperatures at an incidence angle of

53 clcgrecs.  Wentz [3] collocated tl]e SSM/I  data. with the buoy-measured wind vector and

found that 7\ and T. at both 19 and 37 GIIz could vary with the wind direction by a few

degrees Kelvin. Based on this wind direction signal, he further produced a monthly mean

ocean wind map using the SSM/I  data, demonstrating the applicability of passive radiometer
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tcchniquc  to global ocean wind measurements frcnn space.

Whi]c conventional radiometers measure the brightness temperatures with vertical and

horizontal polarizations, the results from Dzura  et al. [4] suggest that radiometric signatures

at other polarization states arc also sensitive to wind direction. In fact, the full polarization

state of tllcrmal  emissiol]  from water surfaces can be characterized by four Stokes parameters

1, Q, U, and V, which

of the radiated electric

measurements of water

shown that, in addition

are related to the horizontal and vertical polarization components

fields illustrated ill Figure  1. Ground-based microwave radiometer

surfaces with artificially constructed directional features [5, 6] have

to 1 and Q, the third Stokes parameter U also had azimuthal varia-

tions. Ncvcrthcless,  although these ground-based stuclies  provided valuable physical insight

into the )nechanisrns  responsible for the azimuth ~nodulation  signatures, the a~)proximatcly

sinusoidal surface profiles were too simplistic compared with sea surfaces.

‘1’he experimental results presented by l)zura ct al, [4] were data collected by an aircraft

Ku-band radiometer at normal incidence (incidence angle of O degrees). Figure 5 in their

paper showed  that when t}ie second Stokes }Jaramctcr rcachcd  maximum, the third Stokes

parameter was nearly zero, and vice versa, ‘J’he observed azimuthal variations of the second

and third Stokes parameters have been showl] to agree qualitatively with the predictions

of a two-scale surface emission model analysis [8]. IIowmwr, since only one example was

reported and the data were collected at normal incidence, which is not so appropriate for

space remote sensing if a large swath coverage is rcqui red, more extensive obscrvat ions of

the azimuthal variations of Stokes parameters over wind speeds and incidence angles arc

required to evaluate the applicability of pola.rimetric  radiometry to ocean surface winds.

‘J’heorctical  studies of polarimctric  emission in the middle range of incidence angles have

been carried out by Yueh et al. [8] using a two-scale sea surface model with the small

scale surface scattering rnodelled by Bragg scattering [7]. Their results were in reasonable

agrccmcnt  with the data reported by Etkin  et al. [2] and the SSM/I  data. Additionally,

it was found that the U parameter was an odd function with respect to the wind direction
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with its peaks occurring at approximately 45 degrees away from the wind direction, and

its azimuth modulation magnitudes were co]nparahle  to that of Q parameter. Their study

suggested that because of the relative azimuth phase shift between Q and U, it would

bc possible to achieve good wind vector Ineasurcmcnt-s across all parts of swath using a

spaceborne polarirnetric  radiometer. A]thougl]  their theoretical results indicated promising

applications, no experimental data collected in the incidence angle range of 30 to 60 degrees

wc!re yet available.

‘1’o explore the potential

mote sensing consideration,

of the polarimetric

we built a K-band

radiometry technique for further space re-

)nulti-polarization  radiometer cleployed  on

the NASA I) C-8 aircraft with circle flights over several ocean buoys to study sea surface

emissions. Section 2 dcscribcs  the designs of our K-band (19.35 GHz) microwave radiometer

and our first set of aircraft experiments, and details the data reduction methods. ‘l’he mea-

sured brightness temperature data are presented in Section 3 in terms of their correlation

with wind direction. Section 4 summarizes the results of this paper.

Z Multi-polarization Microwave Radiometer Measure-
ments And Data Calibration

‘R) measure all four Stokes parameters, a K-band microwave! multi-polarization radiometer

(WINDRAD)  for ocean wind remote sensing was completed in October 1993. l’his  ra-

diometer is a direct detection Dicke-switch radiometer with noise injection to achieve better

balance between the alternating antenna and reference measurements. (’l’he nois,e source

was on when taking ocean rncasurcmcnts  and off when the Dicke switch was switched to

reference load, ) All microwave components are mounted on a temperature-controlled plate

to achieve good gain stability and are in a metallic box for thermal insulation and to prevent

external microwave intmfcrencc.

‘1’hc WI NDRAD  block diagram is shown

in ~’able 1. The electric fields entering the

in l’igure 2 and its key parameters arc shown

antenna are split into horizontal and vertical
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polarization components (J;~ and 11. ) by an orthogonal mc)de transducer (OM’1’).  A mi-

crowave wa.vcguide switch network (1+’igurc 2) is then used to produce four polarizations

using these two linearly polarized orthogonal components. In the wavcguidc switc}l network,

a hlagic-~’cc  is used to take the sum and tllc diffcrcncc of vertically and horizontally polar-

ized electric  fields to produce the 45 and -45 linear polarizations with the phase shifter set at

the O-degree-phase position, If the phase shifter is set at the 90 degrees phase shift position

by a manual switch, these two 45 and -45 linear polarizatiorls  become left- and right-hand

circular polarizations. These four polarizations were scanned scqucmtially  with t}lc switch

‘positions commanded by a persona] computer, wl)ich allows us to repeatedly measure three

Stokes parameters and record the data auto] natical]y. ‘1’hroughout  our experiments, wc did

not usc the 90-dcgrcc phase shift option Lccause of limited available flight hours, and hence

only the first three Stokes parameters were measured.

‘1’he radiomctric  calibration converting the radiometer voltage outputs into brightness

tcmpcraturcs  was performed using the radiometer pararnctcrs  measured in the laboratory

and the ancillary thermistor mcasurcmcllts  takcll cluring the aircraft flights. q’o measure

t}le noise diode temperature in the laboratory, wc replaced the rcfcrencc  load by a small

K-band horn (about 2 inches long), switc}lcd  the Dickc switch to the small horn, and took

the hot load (absorber) mcasurcmcnts  with the noise diode switch on and off and the cold

load (liquid nitrogen) measurements with the noise diode switch off. q’hcsc mcasurwments

allowed us to calculate the noise diode tcrnpcraturc,  which subsequently enabled us to cal-

cu]atc  the IOSSCS for all polarization channels from the antenna used for flight cxpcrimcnts

to tile l)ickc switch using the hot/cold load calibration technique. l)uring circle flig}lts, the

physical temperatures of the wavcguide switc}l network, the reference load, the OMT, and

the antenna. horn were measured by using the thermistors attached on these components and

recorded by the personal computer about once pcr minute allowing us to detect any sensible

temperature changes. ‘1’hcse losses and temperature measurements gave us the slope and

the zero-intercept of the straight line for voltage to brightness temperature conversion. Wc
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examined the absolute accuracy of the conversion formula for each polarization c}lannel  by

comparing the brightness temperatures of hot and cold loads against the temperature of

the absorber measured by a thermistor and the licluid nitrogen temperature (77 K), and we

found that the differences were less than ‘2 K for all polarization channels.

After its completion, the WIN1)l{AI)  was lnountcd  in the window of the NASA DC-

8 aircraft. A set of radiometer flights over ocean surfaces were performed in November

1993 to measure polarimctric brightness temperatures of sea surface under a variety of

wind/atmospheric conditions. We pcrforlned  circle flights over selected NDHC moored buoys

deployed off the coast of the northern California, which provided ocean wind speed and

direction data in addition to other  associated oceanic measurements. With the antenna

fix-mounted on the I) C-8 at an incidcncc  an.g]c of 60 dcgrccs when the I) C-8 flies lCVCI,  the

1 )C-8 was banked at several diflcrcnt  roll angles to allow us to observe the ocean at varjous

incidcncc  angles.

in addition to radiometer data and NI)DC buoy data, aircraft navigation

through the I) C-$ DADS serial bus were also recorded by the personal

data transmitted

computer. ‘1’hc

l) C-8 I) ADS housckccping  data include the I) C-8 pitch, roll and heading angles, ground

speed, altitude, and etc.. It was found that the I) C-8 roll and pjtch  angles would typically

change gradually by a few dcgrccs durjng  t}]c circle flights. The main effect of the pitch

angle drjft  is to cause an angular offcst bctwccn the polarization basis vectors parallel to

the antenna vertical and horizontal polarizatjoll  channels and those with respect the water

surface. Ilowevcr,  wjth the knowledge of aircraft pitch and roll angles, we used the coordinate

transformation bctwccn  these two polarization coc]rdinate  systems to derive the relative

aljgnment  angle (x) between these two sets of polar jzatio)] vectors in addition to the incidence

angle (0) with respect to the water surface. llsing  the relative alignment angle, we then

co~lvcrtcd  the Stokes parameters rncasurcd  relative to the

with respect to water surface coordjnatc  usjng tllc followjng

1=1.

antenna coordinate

transformation:

into these

(1)
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Q == Qa cos 2X + Ua sin 2X (2)

U = U. cos 2X - Q. sin 2X (3)

v == Va (4)

where the subscript ‘a) indicates these quantities measured with respect to the antenna coor-

dinate system, while quantities without subscript arc defined in the water surface coordinate

Systcm.

l]csides  its effect on the polarization basis alignment, the aircraft attitude variation can

also cause an incidence angle drift. ‘l’he actual incidcncc  angle was affected most significantly

by the aircraft roll ang]c  variation during circle flights. llccausc  the incidence angle variations

were expected to ca.usc  significant changes in t}lc  l~! and 7~ hrightncss  temperatures, wc took

additional tx-ightncss  temperatures over a wide rang;c  of incidence angles from 30 to 80 degrees

by wing-wagging the aircraft. Figure 3 illustrates the measured brightness temperature data

as a function of incidence angle and the corresponding third-order polynomial fits. Our

approach for the incidence angle cflect correction was to first calculate the average incidence

ang]c over a full set of circles and then calculate the diffcrcncc between the instantaneous

i~lcidencc  angle and the average angle. ‘1’he diffcrcl~cc is converted into an expcctcd brightness

tcmpcraturcs  variation using the empirical t}lird-order polynomials, which is then used to

translate the measured IL and 7~ data into those that would bc measured as if the incidence

an,g]c had remained constant at the average incidence angle. After we inspected the 7j,

7\, and Q data measured with multiple continuous circles, the data after correction were

nearly  symmetric with respect to the wind direction and more repeatable over the sequence

of c.irclcs, indicating that the above-ll~eI]ticJ1l(;d  empirical correction technique performed

rcasonabl  y well. Although this empirical approach appeared reasonable, we recognize that

it could only provide a first-order correction and some errors remain uncompensated, since

Lrightncss  temperatures are expected to bc functions of other other cnvironmenta]  variables

like cloud water and may not be correctly modellcd  by polynomials with fixed cocff]cients.

Note that similar incidcncc  ang]c correction was not carried out for the U data, since

7
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it seemed that U was a relatively weak functioll of incidence angle according to the data

collected from 30 to 50 degrees incidence showing that U apparcnt]y  varied by ICSS than 1 K

over a change of 20 degrees incidence angle. IIencc no incidence angle correction was deemed

necessary.

Our third Stokes parameter U data is in fact derived from the 45 and -45-degrees polariza-

tion brightness temperatures denoted by 7~ and Ihl (see Figure 1). If there is cross-coupling

between the antenna horizontal and vertical channels, and if the losses between these two

pc)]arization  channels leading from the Ohf’1’ to the hfagic~’1’ec  outputs are not perfectly conl-

pcnsated  by calibration, the resulting U measurements will have bias terms. ‘1’his error term

can be shown to have the following form, if a. li]]car system is assumed for our radiometer:

AU == Cll; +- c27i,  d- C3 (5)

Wc estimated these three coefficients using the data itself based on the fact that the average

value of U over a complete circle should be zero because U should be an odd function with

respect to the wind direction. For each set of circle flight, we averaged the values of U, 7L,

and 7k over a complete circle. Using all circle flights data, we performed a linear-regression

of the U-average data (not zero) with the IL and 7i data. ‘l’he resulting estimation was

c1 == 0.0194, C2 = –0.00926, and C3 = –2.634, and the rms difference between the U-bias

term estimated using the linear-regression curve and the measured U-average data was 0.22.

‘1’he bias correction formula was used to correct the U data using the coincidental 7j and 7k

measurements. We found that the I) C-bias terlns  seen it! the original U data were dfcctivcly

removed, while there was no noticeable change in the shape of U data with respect to the

azilnuth  angle.

3 Azimuth Signatures of Measured Stokes parame-
ters

7’o study the azimuthal modulations of brightness tcmpcraturcs,  wc correlated the multi-

polarization measurements with the azimuth all,glc #, the angle between the wind direction
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(dti) and the radiometer azimuth  100k angle (d,), i.e.,@== @ti, -4,. With this definition,

# == O (180) degrees corresponds to the upwind (downwind) direction, Decause the NI)BC

buoys provide wind speed and direction measurcmentson  ]yonceperh  our, the buoy data

collected at the time closest to the time of each circle flight is used. ‘l’his is not expected to

cause significant error bccausc  for our fliglits,  wc found that the buoy measured wind before

and after the circle flights changed by less than or equal to 10 degrees in direction and less

than 2 knots in speed. llence,  no i]]terpolation  was performed to estimate the wind speed

and direction at the exact time of flight.

Figure 4 illustrates the rncasured  Stokcx paramet,crs,  collected at 30 degrees incidence,

as functions of azimuth angle ~. I’here arc clear azimuth modulations in all measured

Stcjkes parameters with an approximate 3 K peak-to-peak signal in ?; and 7k and a 5

K signal in Q and U data, q’})c peaks of IL occur at up/downwind direction, and the

:ninima  at crosswind direction, while Yk peaks at crosswind direction and reaches minimum

at up/downwind direction. These moclulatio~l  sig!latures  agree with the data collected at

]Ior:nal  illcidcncc by I)zura et al. [4] and ]]t]iiIl ct al. [2], the SSh4/I model function [3],

ground-based rneasuremcnts  [5, 6] and the theoretical predictions by Yueh et a]. [7, 8].

IIowcver, unlike the normal incidence mcasurcrncnts  and the ground-based experiments using

sylnrnetric  surfaces, there are up/downwind asymmetry (brightness difference between the

up and downwind direction measurements) of abc)ut  1.3, 0.2, and ).1 K in TV, Th, and Q,

respectively, in our aircraft data. This up/dowllwind  asymmetry could be caused by the

hydrodynamic modulation of the capillary waves, or could be explained by the observations

that the whitecaps in the downwind side arc brighter than those in the upwind side [9]. In

addition, it can be noticed that along the wind direction, U is close to (should be according

to reflection symmetry) zero and reaches maximum at about 45 degrees away from the wind

direction. Furthermore, unlike 7L, 7\, and Q clata, U is an odd function of azimuth angle

with respect to the wind direction. I’he rcdative  azimuth phase shift between U and Q data

may lead to good wind measurement performance across all parts of swath as discussed by
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Yuch et al. [7].

‘1’aking  a closer look at Figure 4, we noticed that 7: and 7k curves had a few spikes

located at several azimuth anglm, and wc!rc not as smooth as Q and U data. For example,

?~ did not reach the expected minimum at 4 == 900 degrees (downwind direction), smeared

with some noise. After wc visually rcvicwcd the video tape rccordcd at the same time with

the brightness measurements, it a~jpcarecl  tl]at  at these fcw moments, there were isolated,

sudclcn  incrcascs  of wave brcakings  a~ld sustained whitecaps in the radiometer footprint.

‘J’hcrcforc  it would not bc surprising to find silnultancous  brightness temperature increases

of 1 to 2 K in all radiometer channels [9]. IIowcwcr, these additional signals were apparcnt]y

unpo]arizcd,  and hcncc, did not introduce corresponding effects in the Q and U data. g’his

suggests that Q and U are lCSS susceptih]c  to such unpolarized gcophysica] variations.

Figure 5 plots the data collcctcd at 40 dcgrccs incidcncc  angle, ‘1’hc azimuth signatures

of all measured Stokes parameters as WC1l as the peak-to-peak signals arc similar to those

taken at 30 degrees incidence, indicating that the wind direction signals are smooth function

of inc.ic]cncc  angle from 30 to 40 dcgrccs, Again the spikes in the 7~ and 7k data around

the azimuth angle of 180 degrees arc found at times with enhanced breaking waves and

whitecaps.

IIcsidcs the data mentioned above, onc circle flight was also performed for the incidcncc

ang]c  of about 50 degrees with an average value of 49 degrees, and the Stokes parameter data

are i]lustratcd  in Figure 6. ‘1’o allow ca.sy  comparison with the SSM/I  wind direction signal,

the SSM/I  model function at the measured wil]d speed arc alsc) included. To place the SSM/I

data together with our data, we added constant  offsets of 4 and 25.5 to the SSM/I  l; and 7~

data, respectively, which were possibly duc to the atmospheric radiation, not removed from

our mcasurcmcnts  unlike the SSM/1  data, and the difference in incidence angles (49 degrees

for our data against 53 degrees for the SSM/1), ~’hc diffcrcncc between these two offsets

could bc due to that the sea surfaces arc better reflectors for horizontal polarization than

vertical polarization, hence, reflecting more horizontally polarized downwelling atmospheric
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radiation than vertically polarized radiation into the receiver, and could also be caused by

the incidence angle, difference of 4 dcgrccs, resulting in different sea surface ernissivities  at

these two incidence angles with an expcctcc]  en}lanccmcnt in 7’~ offset, while a reduction

in ?: offset according to the incidence angle effects illustrated in Figure 3. Ncwertheless,

the azimuth modulation signatures of our 7’~ and 7\ data show very close resemblance to

the SSM/1 data collcctcd  at 53 clcgrccs incidcncc,  and in particular the vertical polarization

brightness Tj did not have an obvious peak in the downwind direction like the SSM/I  model.

2’}lc absence of brightness peak in the downwind direction in the ?; data results in the

observed, relatively small second harmonic coefficient.

A typical form of geophysical model functions, relating the thermal radiation signatures

to the geophysical surface parameters, cxprcsscs  the Stokes parameters in the Fourier series

of the azimuth angle ~. For wind-gcnmatcd  sca surfaces, it is expected that the surfaces are

statistically reflection symmetric with respect to the wind direction represented by ~ = O.

Using reflection symmetry, it can be shown that 1 and Q (or 7~ and Ii) are even functions

of ~~, whereas U and V arc odd functions. IIcncc,  expanded only to the second harmonic of

d’,

1 N I(J + 1, C.os $3 -t 1~ Cos 2+ (6)

Q= Qo +- QI COS d) -t @ COS 24 (7)

u? UI sin@ -t [12 sin 24 (8)

V N VI sil] ~) -i llz sin 24J (9)

l,ikc 1 and Q, Tv and ?~ arc expanded by tl]c cosi]le series.

We extracted the harmonic cocficicnts  from t}ic data presented in Figures 4 to 6 and

included the second harmonic approximation curves in Figures 4 and 5 for comparison.

We found

particular

l“igurc

that the second harmonic cxl)allsion  al]pcared  to be a good approximation, in

for the Q and U parameters.

7 illustrates the incidence angle dclm]dc]lce  of the harmonic cocficients.  The first
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harmonic cocfflcicnts of all Stokes parameters have a rising trend with increasing incidence

angles, meaning that the up/downwind asymmetry is larger at a higher incidence angle. I’he

first harmonic of Yj is about 3 times of that of Ii, indicating that vertical polarization is more

strongly affected by the up/downwind asymmetric features of sca surfaces than horizontal

polarization. Unlike the first harmonics, all tllc second harmonics have a slow decreasing

trend as the incidence angle incrwascs. ‘1’hc second harmonic modulation amplitudes of Q and

U arc about 2 times of that of T. or 7~. ‘1’hat is, c.ven though the radiometer signal sensitivity

of Q and U, which arc calculated as the dificrence between two polarization rncasurements,

is typically W times of that of 7; or 7;, their increased sensitivity to wind direction will

more than offset the lower SNIL It is interesting to notice t})at the harmonic coeflcicnts  of

Q are close to that of U, consistent with the theoretical predictions by Yueh et al. [7, 8].

!l’he effects of clouds on the brightness tmllperaturc  measurements are illustrated in l’ig-

urc 8. ‘l’he data were taken at the incide~lcc  angle of about 40 degrees similar to the data

plotted in Figure 5, and at the tilnc  of flight, right after a cold front with thick rain clouds

passed over the buoy outside of tlie northern California. coast, there were many puffy clouds

scattered in the sky. It was found that wl]cncvcr the radiometer beam crossed the clouds,

as expected, the brightness temperatures in all polarization channels would increase simul-

tancous]y  by a few K, overwhelming the wind direction signals in 7~ and 7\. In contrast,

the Q and U data, which are expec.tcd  to be inscllsitive  to unpolarized radiations, are less

affected by the clouds, displaying very similar azilnuth  signatures to the data taken under

clear sky conditions shown in Figures 4 to 6. “1’llis indic.atcs  that polarimetric brightness

mcasurcrnents  are useful even under cloudy conditions.

Again comparing Figure 5 with Figure 8 shows that the peak-to-peak signals in the Q

and U data in Figure 5 are about 3 K, less than the 5 K signal shown in Figure 5. ‘I’his

is probably related to the reduction of wind speed, about 8 n~/s for the data presented in

Fig;urc 8 compared with 12 m/s for Figure 5.
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4 S u m m a r y

We have completed a set of proof-of-concept aircraft measurements of the K-band multi-

po]arization  brightness tcrnpcraturcs  of sca surfaces, detecting a few degrees K dependence

on wind direction. The WINI)RAI) data show that 7;, T~ and Q are even functions of the

wind direction, while the third Stokes parameter U is an odd function - as predicted by a

two-scale surface scattering mode] [8]. in additioll,  the data collcctcd at 50 dcgrccs incidence

ang]c  arc very similar to the SSM/1 brightness temperature data, particularly, the absence

of vertical polarization peak in the downwind direction in both data sets. Comparing Q

and U data curves with 7~ and Ii curves indicates that Q and U data arc less sensitive

to clouds, breaking waves and w}litccaps,  which arc strong thermal radiation sources. This

suggests that Q and U are potentially better indicators for wind direction measurements.

In conclusion, our aircraft radiometer flights show that the first three Stokes parameters

of the thermal radiation from sea. surfaces have a sinusoidal variations relative to the wind

direction from 30 to 50 dcgrccs incidence with an amplitude of a few K, indicating that

passive microwave radiometry is a viable option for global  ocean wind vector measurements.

We recognize that because of limited flight hours and the oceanic/atmospheric condi-

tions encountered, it is not possible to develop a comprehensive geophysical model function

using our existing data set to examine more qua.ntitativc]y  the sensitivities on wind speeds,

illcidcnce angles and other atmospheric and ocean variables. Ilcnce,  more extensive aircraft

rncasurcments  are planned to further our understanding of the multi-polarization brightness

temperature signatures of sea surfac.cs.
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~’able 1: WI NI)RA1 ) key parameters.

Parameter Value———
Frequency (GHz)

——. .. ——.. .
19.35

Antenna Bcamwidth  (degree) 3.6
Antenna Sidelobes (dll) < - 3 0
Polarization v, H, 45(1.*),-45(W)
Dicke Switch Rate (llz) 500
System Noise Tcmperaturc+  -I lackground(K)  530
Radiometer Bandwidth (Mllz) 500
RMS Noise Per Footprint (K) 0.06
*: Phase shifter set at 90degrccs  pl)asc  shift
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Figure 2 ‘19 GHz Wind Radiometer
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